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Amethodology for post-occupancy evaluation
of ventilation rates in schools
D Mumovic Dipl Ing MSc PhD CEng MCIBSE, M Davies BSc PhD, I Ridley BSc MSc PhD,
H Altamirano-Medina BSc MA and T Oreszczyn BSc PhD CEng MCIBSE MIntE
The Bartlett School of Graduate Studies, University College London, WC1E 6BT, UK
The importance of maintaining adequate indoor air quality in schools is recognised as a
contributing factor to pupils’ learning performance. This paper describes a series of field
measurements that investigating the ventilation rates in four recently built secondary
schools in England. All schools were assessed for compliance with the recently adopted
Building Bulletin 101, which defines the set of criteria in relation to the ventilation rates
and indoor air quality in new school buildings. Using the obtained results a methodology
has been suggested for post-occupancy evaluation of ventilation rates in schools.
The suggested methodology draws particular attention to the dynamic nature of the
interaction between the building and their occupants.
Practical application: The new Building Bulletin 101 is quoted in Approved Document
F as a means of compliance with Building Regulations for school buildings in the UK.
This paper, based on four case studies, highlights some of the problems facing architects,
mechanical engineers and building control officers associated with post-occupancy
evaluation of ventilation rates in new school buildings. The methodology suggested in
this paper, which differs radically from the current practice, takes into account the changing
nature of the indoor environment in schools including occupancy level and occupant
behaviour.
1 Introduction
The UK Government has committed to a
massive programme of rebuilding and refurb-
ishing schools in England and Wales in
the next 10 to 15 years. The aim of this
programme entitled ‘Building Schools for
the Future’1 is ‘to build facilities for the 21st
century at the scale not being seen since
Victorian times’. To underpin this programme
The Department for Education and Skills has
published design guidance Building Bulletin
101 ‘Ventilation in School Buildings’.2
This performance standard document is
cited as a means of compliance with the new
Building Regulations Part F (Ventilation) in
England and Wales.3 In this document CO2
concentration has been chosen as the key
performance indicator for the assessment
of indoor air quality and ventilation perfor-
mance in schools. The recommended ventila-
tion performance standard states:
‘Ventilation should be provided to limit
concentration of CO2 in all teaching and
learning spaces. When measured at seated
head height, during the continuous period
between the start and finish of teaching on
any day, the average concentration of CO2
should not exceed 1500 ppm.’
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The performance standard stated above is
followed by advisory standards recommended
by the Health and Safety Executive:
1. the maximum concentration of CO2 should
not exceed 5000ppmduring the teaching day
2. at any occupied time the occupants should
be able to lower the concentration of CO2
to 1000 ppm.
In addition Building Bulletin 101 states
that purpose provided ventilation in naturally
ventilated buildings should provide external
air supply to all teaching and learning spaces
with:
 a minimum of 3 l/s per person
 a minimum daily average of 5 l/s per person
 a capability of achieving a minimum of 8 l/s
per person at any time.
Taking these requirements into account,
the aim of this paper is to establish ventilation
rates in recently built schools, to comment on
the suitability of the Building Bulletin 101 as a
means of compliance with the Building
Regulations, and to suggest a new methodol-
ogy for post-occupancy evaluation of venti-
lation rates in schools. To support the
suggested methodology, a detailed analysis
of factors influencing the build up of CO2 in
schools is carried out and two different
methods of estimating ventilation rates are
compared.
2 Methodology
Measurements were carried out in four
schools in England during a heating season
2005–2006. Three out of four schools were
built in compliance with Building Bulletin 93,
4 which defines noise and acoustic criteria in
relation to school design. The monitoring
was carried out in two selected classrooms in
each school over a period of five working
days. The classrooms were carefully selected
to satisfy at least one of the following
requirements: (a) use of different ventilation
strategies, (b) reasonable occupancy levels, (c)
typical teaching activities, (d) microclimatic
conditions, which may reduce potential for
natural ventilation. Levels of CO2 were
monitored at 5-min intervals throughout the
occupied day close to the occupied zone at
seated head height to indicate the overall
indoor air quality and provide a means of
inferring the ventilation rate based on the
number of occupants. Two Gascard II infra-
red gas monitors (MYCO2) (accuracy: 2% of
the range – 0–5000 ppm) coupled with HOBO
dataloggers were used for the indoor mea-
surements. In addition, outdoor CO2 was
measured using a Telaire 7001 infra-red gas
monitor (accuracy: 50 ppm or 5% of the
reading, whichever is greater). The estimation
of the ventilation rates from the CO2 levels
was done in two ways:
(a) via direct inference5
(b) using the ‘continuity equation’6,7
The estimation of ventilation rates via
direct inference was carried out in a manner
suggested by a previous study.5 That study
suggested that a ventilation rate of 8 L/s per
person relates to a steady state CO2 level
within a room of up to 1000 ppm. It also
noted that a level of 2100 ppm of CO2 relates
to a ventilation rate of 3 l/s/p. It is important
to emphasise that such levels refer to the
‘equilibrium’ levels achieved, i.e. if the rate
of emission is constant then a steady state
concentration is achieved independently of
classroom volume.
Ventilation rates were also estimated over
suitable intervals using Equation (1), a form
of ‘continuity equation:’6,7
CðtÞ ¼CexþG
Q
þ CinCexG
Q
 
eðQ=VÞt, ð1Þ
where:
CðtÞ – internal concentration of carbon
dioxide at time t (ppm),
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Cex – external concentration of carbon
dioxide (ppm),
G – generation rate of carbon dioxide in the
space (cm3/s),
Q – internal-external exchange rate (m3/s),
Cin – initial concentration of carbon diox-
ide (ppm),
V – room volume (m3), and
t – time (s).
Note that air may enter a measured zone
not only directly from outdoors, but also
from neighbouring zones, whose CO2 con-
centration may differ from that of outdoor
air. These inter-zone air flows influence the
CO2 concentration in the measured zone, but
can be measured only with more complex
techniques.7 Nevertheless, the ventilation rate
deduced from Equation (1) is useful for two
reasons: (a) CO2 is defined as the ‘pollutant
of interest’ in Building Bulletin 101, and
(b) it corresponds to the effective outdoor
air flow rate that would result in the same
CO2 concentration in the measured room
without inter-zone air flows. Note that the
authors attempted to estimate averaged
ventilation rates using PFT (per fluorocarbon
tracer gas) method. However, this approach
has been abandoned as significant number
of receptors and sources were either mis-
placed or stolen.
3 Case study A
The study for this school relate to a block that
was built in 2003. The school is located in a
suburban residential area of town and is used
for a variety of standard teaching activities
including IT and business studies. Table 1
contains the following technical details for
both monitored classrooms: (1) classroom
identification, (2) location of the school build-
ing, i.e. urban, suburban and rural, (3)mode of
ventilation, i.e. natural ventilation (NV),
mixedmode (MM) andmechanical ventilation
(MV), (4) classroom volume [m3], (5) type of
ventilation, (6) windows type, (7) maximum
openable area [m2], (8) heating type and (9)
various comments related to its operation and
design.
A typical diagram of CO2 levels based on
the recorded 5-min values is shown in
Figure 1 for Classroom A2. Generally, on
each day, the levels of CO2 increased from the
start of the day reaching a peak at 12:15 (end
of the morning session) and decreasing during
the lunch time when the classrooms are
generally unoccupied. The CO2 levels start
increasing again after the lunch break reach-
ing the afternoon peak at 15:30. Note that
due to the number of pupils (and their
behaviour) it was not always easy to establish
the precise occupancy pattern in the school.
Table 2 shows the average CO2 levels mea-
sured in each classroom for a typical day. The
average CO2 levels exceeded the upper limit of
1500 ppm in both classrooms on Monday. In
both classrooms, the automatic windows and
passive stack ventilation were not in use. It is
noted that the day was relatively cold (min.
temperature: 68C; max. temperature: 98C).
Figure 2 shows the cumulative percentage
of CO2 in each room of interest. An attempt
was made to estimate ventilation rates via
direct inference. For the A1 and A2 rooms,
60% of measurements were below 1500 ppm
implying ventilation rates of at least 5 l/s per
person. Note that 15% of measurements
exceeded 2100 ppm implying ventilation rates
below 3 l/s per person. It is clear that this
method of estimating ventilation rates
and reporting on performance of the ventila-
tion strategy suffers from the following
deficiencies:
1. the ‘equilibrium’ levels of CO2 are hardly
ever achieved (Figure 1)
2. reporting on ventilation rates achieved
using the cumulative percentage of CO2
is misleading as the ‘favourable’ ventila-
tion rates maybe a consequence of the
occupancy level rather than performance
of the ventilation system.
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A summary of the key ventilation rates
obtained using Equation (1) is presented in
Table 2. Note the difference in ventilation
rates obtained for ‘observed’ and designed
occupancy (2.8 and 1.3 l/s per person, respec-
tively, for automatic windows and passive
stack ventilation closed).
4 Case study B
This school is located in an urban residential
area and was opened in September 2003.
There are 1100 pupils. The school has a
combination of mixed mode ventilation and
full mechanical ventilation systems. Table 1
contains the technical details for both mon-
itored classrooms.
As in the previous case study, on each day,
the levels of CO2 increased from the start of
the day reaching a peak at the end of each
teaching session and decreasing significantly
during the lunch time and other periods when
the classrooms are generally unoccupied for
longer time (Figure 3). The CO2 levels start
increasing again after the lunch break reach-
ing the afternoon peak at the end of last
session. On Tuesday 28th March 2006 no
students attended the scheduled classes
(Figure 3).
The observed CO2 patterns indicated the
existence of discrepancies between the opera-
tional and designed performance of the tested
ventilation strategies. This was further inves-
tigated via conversations with resident
Table 2 Summary of IAQ and ventilation results
Room CO2
max (ppm)
CO2 av
(ppm)
CO2
STD ()
‘PURGE’
(l/s/p)
‘MIN’
(l/s/p)
‘USUAL’
(l/s/p)
A1 3127 1778 712 6.1 (30) n/a n/a
A2 2530 1972 601 5.4 (50) 1.3 (50) 2.8 (30)
B1 1472 853 268 5.3 (25) 0.6 (25) 6.3 (12)
B2 1615 1100 320 10.5 (25) 1.7 (25) 4.5 (25)
C1 1857 960 331 3.9 (30) 0.9 (30) 3.6 (10)
C2 1725 1054 397 3.9 (30) n/a n/a
D1 1047 789 171 8.4 (30) 0.5 (30) 8.4 (30)
D2 880 733 142 8.0 (30) 0.5 (30) 9.4 (30)
Trickle ventilators, Trench heating, stack/damper.
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Figure 1 Room A2 – carbon dioxide levels during a five day
period
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teachers and the facility manager. The
following issues were noted:
(a) Classroom B1: the designed ventilation strat-
egy in this room relied on bothmechanical (fan
assisted fresh air inlet) and natural ventilation
(automatic windows). During programmed
occupancy periods the windows are set to
remain open until the measured room space
temperature falls below the set point by more
than 28C. However, due to security reasons
(the classroom was located on the ground
floor) the automatic windows were shut. As a
consequence, the role of the mechanical ven-
tilation supply has shifted from a supplementary
one to being the main ventilation provider.
(b) Classroom B2: the volume of the flow entering
the room through the heater battery was too
high causing discomfort to the students sitting
near the trench. By reducing the air flow
through the battery the problem of discomfort
was addressed, but as a consequence of the
reduced air flow the operational performance
of the mechanical ventilation system was
degraded. In this case it was not possible to
change the furniture layout without incurring
excessive costs (fixed furniture).
Table 2 shows the average CO2 levels
measured in the classroom B1 for days with
the mechanical ventilation ON (‘standard’
building operational performance) and the
mechanical ventilation OFF (intervention
study). Note that the number of students
during the ‘observed’ occupancy of the room
B1 is very low, usually 50%of the ‘as designed’
number of occupants. The average CO2 levels
School A Classroom 2 School B Classroom 1
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Figure 3 Carbon dioxide levels recorded over a 5 day period
148 Post-occupancy evaluation of ventilation rates in schools
 at University College London on August 4, 2014bse.sagepub.comDownloaded from 
did not exceed the upper limit of 1500 ppm in
both rooms. Note that maximum values in the
region of 1500 ppm were achieved despite low
occupancy and low classroom usage during
the ‘normal’ occupied hours.
Equation (1) has also been used to estimate
the ventilation rates during both the occupied
and unoccupied hours (Table 2). Note that
a number of small intervention studies were
carried out in classroom B2 (windows
opened/closed, mechanical ventilation on/
off) to test the capabilities of the design to
adequately ventilate the room. Classroom
B2 is located on the ground floor of the
monitored teaching block – just opposite the
school’s kitchen. The kitchen exhausts
face the teaching block and the associated
odours can be detected in the classroom. As a
consequence the teachers are reluctant to use
the manually operated windows. It is noted
that existing guidelines relating to the posi-
tioning of kitchen exhausts in schools seem to
be very broad and general.
5 Case study C
The study for this school relate to a block that
was opened in 2004. The school is located at
an exposed rural site and represents a basic
single sided naturally ventilated design with
openable windows into deep classrooms.
Table 1 contains the technical details for
both monitored classrooms.
A typical diagram of CO2 levels based on
the recorded 5-min values is shown in
Figure 3 for room C1. It appears that the
(relatively) satisfactory results for the two
classrooms are due to the occupants’ beha-
viour rather than the ‘standard’ ventilation
strategy. The doors were kept open very
often, allowing dilution of CO2 via the large
volume of the double height atrium. Table 2
shows the average CO2 levels measured in
each classroom for each of the monitored
days. The average CO2 levels exceeded
1000 ppm in room C2 only. The lower
values in room C1 are partially due to low
occupancy levels in the room. Despite low
occupancy, the maximum levels recorded
were still high. Unfortunately, due to inter-
ference from the room occupants some of the
data was lost (from room C2). A summary of
the key ventilation results obtained using the
Equation (1) is presented in Table 2.
6 Case study D
This study relates to a new 900 place second-
ary school located in a suburban setting
that was completed in 2005. The school is in
close proximity to a major motorway, which
imposed external noise constraints that
affected the detailed design of the building.
The school is serviced by mechanical ventila-
tion with under floor heating and manual
windows. Table 1 contains the technical
details for both monitored classrooms.
A typical diagram of CO2 levels based on
the recorded 5-min values is shown in Figure 3
for one of the classrooms. The operational
performance of the ‘standard’ ventilation
strategy (i.e. without intervention) was
monitored on Monday, Tuesday and Friday.
On Wednesday and Thursday a number of
small intervention studies were carried out to
test the capability of the system to provide
different ventilation rates.
Table 2 shows the average CO2 levels
measured in each classroom. The value of
1000 ppm was exceeded only once for a very
short period of time. Note that during that
short period, the number of the occupants in
the room exceeded the designed number of
occupants by 2. During the intervention
studies the mechanical ventilation system was
turned off with the consent of the classroom
teacher. The averaged values of CO2 then
exceeded the recommended value of 1500 ppm
in both classrooms. Note that the given
averages and maximum values of CO2 could
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be higher, but it was not possible to keep the
mechanical ventilation system turned off for
any longer period to explore this issue.
As in the previous case studies, ventilation
rates were estimated using the continuity
equation. A summary of the key CO2 results
using Equation (1) is presented in Table 2.
Note that the averaged estimated ventilation
rate in the room D1 calculated for the
occupied period is 8.4 l/s per person
(the ventilation rates calculated during the
occupied periods take into account occasional
door and window opening). In the room
D2 the averaged estimated ventilation rate
calculated for the occupied period is 8.0 l/s
per person for maximum occupancy. Note
that manually operated windows were used
occasionally during the same period. These
results show considerable over ventilation,
which may effect the energy consumption of
the school.
7 Discussion
Ventilation rates in the schools were estab-
lished using two different methods. The esti-
mation of ventilation rates via direct inference
was carried out following a previous study,5
which suggested that a ventilation rate of 8 l/s
per person relates to a steady state CO2
levels within a room of up to 1000 ppm. It is
also noted that a level of 2100 ppm of
CO2 relates to a ventilation rate of 3 l/s/p.
It is important to emphasise that such
levels refer to the ‘equilibrium’ levels
achieved, i.e. if the rate of emission is constant
then a steady state concentration is achieved
independently of classroom volume.
Inspection of the data (Figures 1, 3) suggests
that such equilibrium was rarely achieved and
thus direct inference in this manner is not
generally appropriate.
The second method based on the continuity
equation is more useful as it gives more
realistic time varying ventilation rates.
It corresponds to the outdoor air flow rate
that would result in the same CO2 concentra-
tion in the measured room without inter-zone
air flows. Unlike the first method, which is
based on the assumption of the constant CO2
production rate (i.e. it assumes a constant
number of pupils through out the day), the
second method takes this into account. It was
found that this factor could not be over-
looked in the schools that were studied.
Equally important is the fact that the initial
concentration of CO2 in classrooms do not
always equilibrate to the external level at the
beginning of the new class. In most cases the
CO2 levels build up during the day forming
two peaks: the morning one just before the
lunch break and in the afternoon just before
the end of the last class (Figure 1). This is due
to the following: a) the breaks between two
classes are short (usually 5min) not allowing
the CO2 concentration to equilibrate to the
external level, (b) in some cases pupils are
allowed to stay in classrooms during the
breaks contributing to an even more rapid
build up of CO2 levels, (c) the lack of an
effective ventilation strategy.
In this study all the schools except for one
satisfied the recommended performance stan-
dards (Table 2) leading to the conclusion that
the implemented ventilation strategy provides
adequate ventilation. However, this is mis-
leading unless one takes into account three
important factors: (a) the occupancy schedule
for classrooms (i.e. the classrooms were not
fully utilised during the ‘normal’ occupied
hours, preventing CO2 building up during the
day), (b) the occupancy level during classes
(i.e. number of students attending classes) and
(c) occupant behaviour. As shown in the
case studies, these factors have had a deter-
minant effect on the performance of some
classrooms.
Therefore, a post-occupancy evaluation
methodology focusing on ventilation in
schools has to take into account the dynamic
nature of the interaction between ventilation
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strategies in schools and occupant related
issues. The methodology shown in Table 3
represents a balanced approach to evaluation
of ventilation rates in schools and should
ensure that the obtained results may be used
to assess the compliance with Building
Bulletin 101. Despite the fact that the
suggested methodology is more complex
than the current practice of taking single
CO2 measurements in all classrooms, it is
straightforward and relatively simple.
In addition to the quantitative analysis of
ventilation rates, the researchers have
attempted to provide an insight on the
attitude of facility managers, teachers, and
pupils on the ventilation performance in
classrooms. Three out of four schools have
been equipped with BMS providing them with
an opportunity to balance energy consump-
tion and ventilation requirements to some
extent. However, in the opinions of the team,
neither of the facility managers/caretakers
was fully conversant with the BMS. This
raises an important issue – training the
relevant people (at least the caretaker and
facility manager) how to use the ventilation
system effectively. The teachers also did not
receive any information as to how to use the
Table 3 Methodology for post-occupancy evaluation of ventilation rates in schools
Step Description
1 œ Monitoring should only be carried out during the heating season (e.g. November–March)
2 œ Temperature and wind speed data should be collected from local Met Office sites. Monitoring should be only
carried out if temperature and wind speed are likely to be below 128C and 4m/s consecutively.
3 œ To prepare for fieldwork, if available, review architectural and M&E drawings. Note that ‘as designed’ and ‘as
installed’ drawings may differ from the actual on site situation.
4 œ Create a list of the classrooms which will be monitored according to the following rules:
 if more than one ventilation strategy is employed to provide adequate ventilation in a school each room
selected should represent a different ventilation strategy (e.g. different window types, sky lights, stack
ventilation, single/cross ventilation, constant/variable air speed fans);
 rooms with reported complaints related to the air quality should be added on the monitoring list;
Contact the facility manager to check if the selected rooms satisfy the following criteria:
a.œ is the selected room regularly occupied throughout the day? (the room should ideally be occupied all the
time except for lunch breaks)
b.œ is the occupancy level of the selected room similar to the maximum/designed occupancy? (this issue is
especially relevant in the new schools or in the schools with low attendance; the actual occupancy level
should ideally be the same as the designed occupancy during the test day)
5 œ CO2 monitors should be placed at head height away from the main air flow patterns in the room; the following
rules should be followed:
a.œ the outside levels of CO2 should be determined by averaging three single measurements taken in the
vicinity of the school throughout the day (morning, midday and afternoon);
b.œ the number of students fluctuates during the day (even during the class); therefore, a note of student
number should be taken at 15–20min intervals;
c.œ all fire doors should be closed when not in use (it has been noted that some of the teachers tend to keep
doors to the classrooms open all the time, which does not comply with the fire safety regulations);
d.œ to assess compliance with BB101 in relation to average CO2 levels during the occupied period (e.g. 08.30–
15.30 including lunch break) the IAQ consultant should take care not to affect the normal performance of
the ventilation system, by for example preventing the regular occupants of the building behaving
differently.
e.œ at the end of the test day the IAQ consultant should test the capability of the purpose provided ventilation
to deliver 8 l/s per person;
6 œ The ventilation rates should be calculated using Equation (1) for both:
a.œ occupied periods at 15–20min intervals
b.œ unoccupied period at the end of the day at 1min intervals (the shorter interval of time is consequence of
rapid change of CO2 caused by testing the capability of the system to deliver 8 l/s per person.)
7 œ Data analysis and report writing. If the performance of the purpose provided ventilation fails to comply with the
Building Bulletin 101, the reasons for the failure should be investigated in details by undertaking CO2 monitoring
over a period of 5 days (Monday–Friday).
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ventilation systems most appropriately.
The information on the ventilation systems
was usually ‘buried’ within dozens of thick
folders and even then with no guidelines how
to get the most of the system.
8 Conclusions
This paper describes a series of field measure-
ments that investigated the ventilation rates
in four recently built secondary schools in
England. All schools were assessed for com-
pliance with the recently adopted Building
Bulletin 101, which defines the set of criteria
in relation to the ventilation rates and indoor
air quality in new schools. Importantly,
the paper draws particular attention to the
dynamic nature of the interaction between the
building and their occupants. It was shown
that in some cases the apparently satisfactory
results for the ventilation rates in schools are
due to the occupants’ behaviour rather than
the ‘standard’ ventilation strategy. As
Building Bulletin 101 is not prescriptive, but
performance based, the development of a
straightforward methodology for evaluating
ventilation rates in schools is essential. The
methodology suggested in the paper is
balanced and takes into account both: the
complexity of the environment in schools and
the need of regulatory bodies and industry
for straightforward and effective guidance.
In addition, the study highlighted importance
of training and security issues on performance
of ventilation systems in the schools.
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